Objective: To compare the cost of and payments for transcatheter aortic valve replacement (TAVR), a novel and expensive technology, and surgical aortic valve replacement (SAVR).
See Editorial Commentary page 1881.
The recent development of transcatheter aortic valve replacement (TAVR) presents a new therapeutic option for patients with severe aortic stenosis considered at least intermediate-risk candidates for surgical aortic valve replacement (SAVR). In clinical trials, TAVR demonstrated significantly better clinical outcomes than medical management in inoperable patients and outcomes comparable to or better than SAVR in patients classified as intermediate or greater operative risk. [1] [2] [3] Commercial approval for TAVR in the United States was granted by the Food and Drug 4, 5 Studies examining the relative cost-effectiveness of TAVR compared with standard medical therapy and/or SAVR have reported conflicting results using various cost metrics. An analysis of estimated expenditures for patients enrolled in early US clinical trials postulated that TAVR would be a cost-effective alternative to SAVR for patients considered at high operative risk and found no significant differences between TAVR and SAVR in hospital costs for the index admission or in 1-year cumulative costs. 6 Compared with medical management in inoperable patients, results with TAVR have varied, demonstrating a favorable incremental cost-effectiveness ratio of $32,170 per quality-adjusted life-year gained in Canada, but a less favorable incremental cost-effectiveness ratio of $116,500 per quality-adjusted life-year gained in the United States. 7, 8 Compared with SAVR, TAVR performed outside the United States has variously been reported as significantly less costeffective, more cost-effective, and equally cost-effective. [9] [10] [11] In addition, the results and conclusions from systematic reviews of the relative cost-effectiveness have been mixed. 9, 12, 13 There is a paucity of studies examining the relationships among hospital costs, Medicare payments and total revenue associated with TAVR versus SAVR.
More specifically, little attention has been paid to the practical economic considerations impacting US hospitals offering TAVR, specifically hospital revenue, as well as the overall impact of the procedure on the US Medicare program at large. Because candidates for aortic valve replacement, and especially for TAVR, generally compose an elderly population, reimbursements to hospitals for the procedure and associated hospitalizations are obtained almost universally through Medicare. The use of TAVR in previously inoperable SAVR patients, the aging population, and the potential expansion of TAVR into lower-risk cohorts could significantly, if not exponentially, increase its use. As a result, TAVR represents a potentially growing source of expenditures for the Medicare program. Little is known regarding the relative cost of TAVR compared with SAVR-a comparable therapy in some patients.
14 Our present analysis had 3 primary aims: (1) to describe US Medicare payments to hospitals associated with TAVR; (2) to compare the Medicare expenditures, estimated hospital costs, and net hospital contribution margin between TAVR and SAVR within a propensity score-matched sample; and (3) to identify the specific factors with the greatest influence on hospital costs and Medicare payments during TAVR or SAVR hospitalizations in the United States.
METHODS

Study Sample and Medicare Data
The study includes all fee-for-service Medicare beneficiaries. Patients and comorbidities were identified using Medicare's Medicare Provider Analysis and Review (MEDPAR) (for inpatient claims) and Carrier (for specific physician/supplier claims) files. Procedural utilization and billing data from the Center for Medicare and Medicaid Services (CMS) were used to identify all aortic valve replacement (AVR; SAVR and TAVR) hospitalizations occurring between January 1, 2012, and December 31, 2012. Cost and utilization data for all AVRs from 2011 is used for reference and represents an era primarily of clinical trial use of TAVR that preceded FDA approval. Using Health Care Procedure Classification System codes present on carrier claims collected by the CMS, 4083 TAVR and 16,530 SAVR index hospitalizations among Medicare fee-for-service patients were identified. The cost and number of isolated aortic valve replacement cases in 2012 was compared with claims in 2011 using adjusted 2012 US dollars from the US Bureau of Labor Statistics. 15 Hospitalization, outpatient facility, and physician claims from these patients were linked by the Medicare beneficiary's patient identifier to obtain demographic information, diagnosis codes, procedure codes, admit and discharge dates, and financial data associated with each patient's index AVR hospitalization. Diagnosis codes present on admission were used to identify common comorbidities using a modified Elixhauser comorbidity method. 16 Patients undergoing concomitant cardiac surgical procedures were also identified using procedure codes on carrier claims and were excluded.
Cost and Payment Data
Using Medicare data to answer questions regarding costs of TAVR and SAVR has unique advantages, because it includes all charges and payments from fee-for-service Medicare beneficiaries. For this study, actual hospital charges and insurance payments for all isolated AVR hospitalizations during calendar year 2012 were used to examine the financial impact of AVR in the Medicare population during the first year after FDA approval of TAVR. Hospital charges and Medicare payments were collected from Medicare's MEDPAR files, which represent final action (ie, completely adjudicated) claims on individual patient hospitalizations. This payment also accounts for the post-acute care payment adjustment-sometimes referred to as a ''transfer penalty''-which can potentially result in a diagnosis-related group (DRG)-specific down-weighting of reimbursement for admissions that are shorter relative to the national mean length of stay (LOS). Hospital charges, which are subdivided into 30 hospital cost centers on MEDPAR claims, indicate each hospital departmental (eg, radiology), resource (eg, blood bank), and accommodation (eg, ward) charge for care provided during the index TAVR or SAVR admission. Payments, which are separately reported on MEDPAR claims as patient payments, private insurance payments, and Medicare payments, were also abstracted.
Hospital charges were converted to cost of care using hospital-specific cost-to-charge ratios from the 2015 Inpatient Prospective Payment System The use of these data in Medicare cost analyses has been validated previously. 17, 18 Institutional contribution margins were calculated by taking the difference between the median cost and the payment for all patients at each institution along with the interquartile range. Physician fees were not included in the cost analysis, because this usually represents <10% of hospital reimbursement. The perspective of this health economic analysis is costs and payments associated with individual patients in propensity score-matched TAVR and SAVR cohorts. Consideration of the impact of these costs and payments also includes institutional and societal (all Medicare fee-for-service patient) levels.
Statistical Analysis and Propensity Matching
Categorical variables were analyzed using Fisher's exact test, and continuous variables were analyzed using the 2-sample t test. In the propensity score-matched analyses, the paired t test and McNemar's test were used for continuous and categorical variables, respectively. The Mann-Whitney nonparametric U test was used for analyses of charges and payments due to a lack of normal distribution. A P value <.05 was considered statistically significant.
Because of the significant differences in age, race, and incidence of several clinically significant comorbidities between TAVR and SAVR patients in the isolated AVR sample, a propensity score-matched sample was created to facilitate comparison among patients most likely to have similar risk and likelihood of undergoing either SAVR or TAVR. Propensity score-matched analysis was used to generate cohorts of TAVR and SAVR. The variables used to propensity score match TAVR and SAVR patients included male sex, age, black race, congestive heart failure, peripheral vascular disease, anemia, chronic obstructive pulmonary disease, pulmonary hypertension, renal failure, diabetes, neurologic disorders, obesity, depression, weight loss, and liver disease. A logistic regression that included demographic and risk factor variables was used to generate propensity scores for undergoing TAVR or SAVR for each patient in the sample. A total of 3304 1-to-1 pairs of TAVR and SAVR patients were identified using a greedy 5/1 digit match algorithm with nearest available pair matching. 19 The c-statistic for the model was 0.834. Three sensitivity analyses were performed: (1) multivariable logistic regression models with generalized estimating equations using an exchangeable correlation structure to assess risk factors for 30-day mortality; (2) limiting SAVR patients to only those from institutions that perform TAVR; and (3) comparing only transfemoral (TF) TAVR with SAVR. Data management, propensity score matching, and analyses were done using SAS version 9.4 (SAS Institute, Cary, NC).
RESULTS
All TAVR and SAVR Patients
After exclusions, 4083 TAVR patients and 16,530 SAVR patients undergoing isolated AVR in 2012 were identified. TAVR patients were older on average than the SAVR patients (mean, 83 AE 8.2 years vs 75 AE 8.8 years; P<.01), more likely to be white, and more likely to present with common comorbidities, including congestive heart failure, chronic pulmonary disease, diabetes, renal failure, and anemia (Table 1) . Thirty-day mortality was also higher in TAVR patients than in SAVR patients in the entire sample (6% vs 4%; P <.01) ( Table 2) The median Medicare payment for TAVR index hospitalizations in 2012 was $50,100 (IQR, $37,500-$65,700), significantly higher than that for SAVR index hospitalizations ($42,400; IQR, $32,800-$56,300; P <.001). The contribution margin, defined as the median of the differences between the payment and estimated hospital cost, among AVR patients was negative for TAVR hospitalizations (-$3200; representing a net negative contribution margin) and positive for SAVR hospitalizations ($2700; representing a net positive contribution margin; P <.01). More than one-half (56%; n ¼ 11,443) of all TAVR or SAVR admissions resulted in net positive contribution margin, with a significantly greater percentage of SAVR admissions than TAVR admissions resulting in a positive contribution margin (58% [n ¼ 9642] vs 44% [n ¼ 1801]; P <.01).
Propensity Score-Matched TAVR and SAVR Patients Patient outcomes. Propensity score matching generated 3304 pairs of TAVR and SAVR patients. In the matched sample, TAVR patients remained more likely than SAVR patients to be white (94% vs 92%; P ¼ .01), but there were no other significant differences between the TAVR and SAVR patients across age and common comorbidities (Table 3) . Thirty-day mortality was not significantly different between the 2 groups in the propensity scorematched sample (5% after TAVR, 6% after SAVR; P ¼ .23). Postprocedure LOS remained significantly shorter (Table 4) . Based on the difference between the billed DRG's national average LOS and the individual patient's LOS, TAVR admissions were much more likely to qualify for a post-acute care payment adjustment (ie, transfer penalty), which can potentially result in a DRG-specific down-weighting of reimbursement for admissions that are shorter relative to the national mean LOS. Among TAVR admissions, 69% qualified for DRG-specific down-weighting, compared with 38% of SAVR admissions (P < .01) ( Table 2 ). As in the entire cohort, the institutional contribution margin (ie, difference between payments and estimated hospital costs) in matched patients remained negative for TAVR hospitalizations (-$3380, representing a net loss) and positive for SAVR hospitalizations ($2390, representing a net gain; P <.01). A net financial gain, or positive contribution margin, occurred in 56% (n ¼ 1862) of propensity score-matched SAVR admissions and 43% (n ¼ 1440) of propensity score-matched TAVR admissions (P < .01). For hospitals to experience no loss on TAVR hospitalizations, overall costs would need to decrease by 7%, or isolated medical supply costs (related primarily to the TAVR valve) would need to decrease by 22%. Sensitivity analysis. Results from the sensitivity analysis using hierarchical multivariable logistic regression model to account for possible clustering of outcomes at certain centers did not show any difference in 30-day mortality between TAVR and SAVR (odds ratio, 0.88; 95% confidence interval, 0.73-1.06; P ¼ . 18 ). An additional sensitivity analysis evaluating patients only at institutions performing TAVR found similar outcomes in terms of shorter ICU stays, similar mortality, higher costs, and lower payments for TAVR patients (Table E1) (Table E2 ).
Institutional Outcomes: TAVR Revenue and Volume
A total of 1100 institutions were represented in the 2012 AVR sample, 207 of which performed at least 1 TAVR. Figure 3 shows the weighted contribution margin per patient for each institution based on the institution's 2012 volume of TAVR cases. Although the per-patient contribution margin varied widely among hospitals with similar case volumes, a cutoff emerged near 50 annual TAVR cases, at which point most hospitals achieved a net positive per-patient contribution margin. The average annual TAVR contribution margin weighted per patient was higher in hospitals that performed !50 TAVRs (n ¼ 16 hospitals; median, $7761; IQR, -$2756 to $13,396) compared with hospitals that performed <50 TAVRs (n ¼ 191; median, -$9037; IQR, -$19,329 to -$312; P <.01). This difference was driven primarily by higher Medicare payments at the hospitals performing !50 TAVRs (median, $56,600; IQR, $50,900-$60,700) compared with the hospitals performing <50 TAVRs (median, $45,100; IQR, $36,900-$58,800; P ¼ .01), rather than periprocedural cost differences (median, $56,900 [IQR, $44,500-$61,800] vs $55,900 [IQR, $47,400-$66,000]; P ¼ .07).
DISCUSSION
TAVR is a new and expensive technology with economic implications in that have yet to be comprehensively evaluated in the United States. Any interpretation of the economic impact of TAVR should take into account the novelty of TAVR, the high-risk nature of the patient population, and the alternative therapeutic option of SAVR for some patients. This study describes the costs and payments associated with TAVR and SAVR in the United States from both the payer perspective and the provider perspective, and at the patient level for all Medicare beneficiaries and at the institutional level for individual institutions performing TAVR. Clinical trials continue to examine the safety and efficacy of TAVR in increasingly lower-risk AVR candidates and may further expand the TAVR-eligible population and increase the annual cost of TAVR to society beyond the $215 million dollars in the first year of use.
We found that TAVR hospitalizations were more costly, or failed to generate revenue for hospitals, compared with SAVR hospitalizations in 2012. This was despite shorter ICU LOS and overall hospital LOS for TAVR patients compared with SAVR patients. Within a propensity score-matched sample of TAVR and SAVR patients, Medicare paid individual hospitals less on average for TAVR hospitalizations than for SAVR hospitalizations. TAVR hospitalizations represented a net loss of income for hospitals in the propensity score-matched sample and in the entire sample, whereas SAVR index hospitalizations resulted in a net positive contribution margin to hospitals in both samples. For TAVR to become financially neutral for hospitals, either Medicare and/or insurance companies must increase payments, hospitals must find a way to further reduce costs associated with TAVR, or the medical supply cost of TAVR, which is driven largely by the cost of the valve prosthesis, must decrease.
Costs
Our findings in this study are consistent with a model of estimated costs from the PARTNER trials and other studies. 10, 11 The higher cost for TAVR in the entire Medicare isolated AVR population may reflect the higherrisk status of TAVR patients, who overall represent a generally older and sicker cohort compared with patients undergoing SAVR. However, it is unlikely that all of the cost differences can be explained by patient risk factors. Even in the propensity score-matched cohort, TAVR hospitalization operating room, anesthesia, and blood administration costs were lower than those for SAVR in propensity score-matched patients, consistent with previous studies. 20 Cardiology and medical/surgical supplies costs were higher for TAVR. The higher cost of surgical supplies can be explained in part by the more expensive TAVR valve systems, which are approximately $25,000 more expensive than SAVR valves.
9,21 These higher medical device costs are partially offset by shorter hospital and ICU stays for TAVR patients, 3 days shorter on average for the latter in the propensity score-matched sample. Considering that the sensitivity analysis of TF TAVR versus SAVR no longer showed a difference in cost, this may be a more significant finding in alternative access TAVR, but may be more relevant to future transcatheter technologies. The similar cost of TF TAVR and SAVR has important implications in terms of the increasing use of TF TAVR, which may make it more affordable to institutions. Conversely, the expanded use of TAVR into lower-risk patients may more closely approach the non-propensity score-matched sample in this study, which showed a greater cost difference in TAVR compared with SAVR.
Payments
Although Medicare payments were higher for TAVR than for SAVR in the entire Medicare sample, they were lower for TAVR than for SAVR in the propensity score-matched sample. The difference in the entire sample is most likely due to the higher risk status of TAVR patients compared with all SAVR patients, but the lower payments among propensity score-matched patients suggests that institutions performing TAVR face systematic barriers to recouping the costs of TAVR compared with similarly high-risk SAVR patients. TAVR index hospitalizations were billed at a lower base DRG price compared with SAVR and were more likely to be eligible for post-acute care payment adjustments (ie, transfer penalties that decrease the payment to hospitals, which are accounted for in the final Medicare payment amount), owing to the shorter LOS for TAVR patients. An advantage of using Medicare payments for this analysis is that the payment already accounts for and captures the transfer penalty, because it represents final action on the part of Medicare payments to the hospital.
Recently instituted changes in coding for US Medicare patients, including a change to the International Classification of Diseases, 10th Revision codes and new TAVR DRGs with higher relative financial weights and shorter LOS may have a significant impact on TAVR payments. Whether these changes have a positive financial impact on the 71% of institutions performing TAVR experiencing a net negative institutional contribution margin on these procedures remains to be seen. It is possible that in addition to changes made by the CMS to TAVR DRGs, reductions in the cost TAVR prostheses will be necessary for TAVR to achieve financial neutrality for hospitals. This may occur with the introduction of multiple new TAVR prostheses to the market and greater price competition among TAVR prosthetic manufacturers.
Health Policy and Reimbursement Implications
The costs and payments associated with TAVR are likely of particular interest to health policy makers and CMS for several reasons. First, TAVR is a new and disruptive technology for treating structural heart disease with high medical supply costs, but it is unlikely to be the last, with a number of other transcatheter aortic and mitral valve interventions as well ventricular assist devices currently in various phases of development, preapproval clinical trials, or postapproval surveillance. Second, the heart team model of cardiac surgeons and interventional cardiologists is a possible although not complete example of health care delivery through an Accountable Care Organization. Third, the FDA requirement that TAVR patients be entered into the Transcatheter Valve Registry is a good potential example of Merit-Based Incentive Payment System and Alternative Payment Model Incentive under the Physician Fee Schedule and Criteria for Physician-Focused Payment Models. Fourth, the push toward value-based care will likely focus on areas such as TAVR, where there are varying outcomes and costs between SAVR and TAVR.
To better inform both policy makers and providers, this study has focused on actual costs, payments and outcomes in propensity score-matched TAVR and SAVR cohorts. Although both interventions achieved excellent clinical results in relatively high-risk patient populations, the shorter ICU and hospital LOS, lower payments, and higher costs associated with TAVR represent a challenge to the CMS, insurance companies, physicians, hospitals, and industry to continue to meet the demand and deliver high-quality care in a way that balances the effort to both limit ongoing Medicare cost expenditures and encourage the development of better clinical interventions.
Study Limitations
Our analysis was based on administrative claims, which do not directly report institutional costs of care. Hospitalspecific cost-to-charge ratios have been previously used successfully to estimate actual cost of care from the total hospital charges reported on inpatient claims. 17 In addition, the clinical information available on administrative claims is not as rich as data captured in cardiac surgery clinical trials or disease-specific registries, both of which may provide more detailed patient and procedural information. Claims data have been previously used successfully to propensity score match patients undergoing cardiac and other interventions. 22, 23 A cost analysis of TAVR compared with medical management was beyond the scope of this study. In addition, this study is limited by evaluating only the cost associated with TAVR or SAVR hospitalization and not evaluating longer-term costs, which may vary between groups and by technology. TAVR technology is rapidly evolving, and future studies are warranted to evaluate TAVR advances. Finally, although our propensity score match achieved a good balance of measured clinical characteristics, we cannot rule out the presence of unmeasured confounders in our analysis or confirm specific risk cohorts such as high-risk versus inoperable patients. In addition, it is possible that some TAVR patients might not have been candidates for SAVR owing primarily to comorbidities and consequently were predisposed to generating higher costs. The shorter hospital and ICU LOS of TAVR patients helps mitigate any concerns over higher patient-driven costs in TAVR.
CONCLUSIONS
From the financial perspective of Medicare, TAVR, particularly TF TAVR, is an acceptable alternative to SAVR for high-risk SAVR candidates, with comparable outcomes and expenditures in this high-risk cohort. From an institutional provider perspective, however, SAVR generates revenue, whereas TAVR does not and instead incurs higher costs. These higher costs are driven primarily by the cost of medical supplies (the TAVR prostheses), with post-acute care adjustments also contributing. Overall reimbursement for TAVR appears to be misaligned with total hospital expenditures for prosthesis and periprocedural costs, particularly for alternative access TAVR. Contribution margin, USD, median (IQR)* À3500 (À14,100 to 10,800) 5800 (À5300 to 16,700) <.01
TF, Transfemoral; SAVR, surgical aortic valve replacement; LOS, length of stay; IQR, interquartile range; ICU, intensive care unit; USD, US dollar. *Defined as median of payments minus costs.
